Excess weight gain, especially when associated with increased visceral adiposity, is a major cause of hypertension, accounting for 65-75% of the risk for human primary (essential) hypertension. Increased renal tubular sodium reabsorption impairs pressure natriuresis and plays an important role in initiating obesity hypertension. The mediators of abnormal kidney function and increased blood pressure during development of obesity hypertension include 1) physical compression of the kidneys by fat in and around the kidneys, 2) activation of the renin-angiotensin-aldosterone system (RAAS), and 3) increased sympathetic nervous system (SNS) activity. Activation of the RAAS system is likely due, in part, to renal compression as well as SNS activation. However, obesity also causes mineralocorticoid receptor activation independent of aldosterone or angiotensin II. The mechanisms for SNS activation in obesity have not been fully elucidated but appear to require leptin and activation of the brain melanocortin system. With prolonged obesity and development of target organ injury, especially renal injury, obesity-associated hypertension becomes more difficult to control, often requiring multiple antihypertensive drugs and treatment of other risk factors, including dyslipidemia, insulin resistance and diabetes, and inflammation. Unless effective anti-obesity drugs are developed, the impact of obesity on hypertension and related cardiovascular, renal and metabolic disorders is likely to become even more important in the future as the prevalence of obesity continues to increase.
INTRODUCTION
Obesity and its associated cardiovascular, metabolic and renal disorders have rapidly become a major threat to global health. Worldwide obesity has nearly doubled since 1980 and current estimates indicate that more than 1.4 billion adults are overweight or obese 1 . In the United States, more than 65% of adults are overweight and 36% are obese with a body mass index (BMI) greater than 30 kg/m 2 2,3 . Several other countries report even higher rates of obesity. For example, the estimated prevalence of obesity in adults exceeded 50% for men in Tonga and for women in Kuwait, Kiribati, Federated States of Micronesia, Libya, Qatar, Tonga, and Samoa 4 .
Major consequences of being overweight or obese include higher prevalence of hypertension and a cascade of associated cardiorenal and metabolic disorders. Studies in diverse populations throughout the world have shown that the relationship between BMI and systolic and diastolic blood pressure (BP) is nearly linear 5, 6 . Risk estimates from the Framingham Heart Study, for example, suggest that 78 percent of primary (essential) hypertension in men and 65% in women can be ascribed to excess weight gain 7 . Clinical studies indicate that maintenance of a BMI < 25 kg/m 2 is effective in primary prevention of hypertension and that weight loss reduces BP in most hypertensive subjects 8, 9 .
Despite impressive evidence indicating a major role for excessive weight gain in raising BP, not all obese persons are hypertensive. It is clear, however, that excess weight gain shifts the BP frequency distribution toward higher levels increasing the probability that a person's BP will register in the hypertensive range ( Figure 1 ). Thus, some obese people will have BPs lower than 140/90 mmHg, the level usually used to indicate "hypertension". However, even those who are classified as obese "normotensives" have higher BP than they would at a lower body weight and weight loss lowers BP in "normotensive" and "hypertensive" obese subjects 10 . As discussed later, the impact of obesity on BP also depends on how long a person has been overweight, worsening as excess adiposity is maintained over several years.
The distribution of fat is another important consideration. Most population studies that have investigated the relationship between obesity and BP have measured BMI rather than visceral or retroperitoneal fat which appear to be better predictors of increased BP than subcutaneous fat 11 .
Although the importance of obesity, especially when associated with increased visceral or retroperitoneal fat, is well established as a cause of hypertension, the pathophysiological mechanisms involved are complex and have not been fully elucidated. In this review we focus mainly on those factors that initiate obesity-induced increases in BP by impairing renal-pressure natriuresis since previous studies suggest that all forms of hypertension, including obesity hypertension, are associated with impaired renal-pressure natriuresis 5 .
There are additional factors that contribute to the pathophysiology of obesity-associated hypertension as metabolic disorders and increased BP are sustained over many years, leading to development of diabetes, dyslipidemia, and target organ injury, including chronic kidney disease (CKD). Some of these issues have been considered in previous reviews 5, 10, 12 ; therefore, our discussion of obesity's impact on CKD is brief and intended mainly to illustrate how this may gradually exacerbate hypertension and make it more difficult to control. In fact, BP appears to be more difficult to control in obese patients and obesity is recognized to be a common cause of treatment resistant hypertension.
HEMODYNAMIC AND RENAL CHANGES IN OBESITY-INDUCED HYPERTENSION
Studies in experimental animals have provided mechanistic insights into the cardiovascular and renal changes associated with obesity. A highly reproducible rise in BP is observed with excess weight gain induced by a high fat diet in dogs and rabbits. The metabolic, endocrine, cardiovascular, and renal changes caused by dietary-induced obesity in these experimental animals closely mimic the changes observed in obese humans 5, [13] [14] [15] [16] (Table 1) . Some of these changes occur rapidly during overfeeding and later become obscured by pathological changes. For example, glomerular hyperfiltration early in obesity may be replaced by a gradual decline in glomerular filtration rate (GFR) as renal injury and nephron loss occur in association with prolonged hypertension, diabetes and dyslipidemia 12 . Some of the same changes occur in obese rodents, although systemic hemodynamics and renal changes are not as well documented in many cases. Also, many commonly used rodent models of genetic obesity have disruption of central nervous system (CNS) signaling pathways that link obesity with sympathetic nervous system (SNS) activation and hypertension. Therefore, some rodent models of obesity, such as those with melanocortin 4 receptor (MC4R) or leptin gene mutations, have normal or reduced SNS activity and decreased BP despite inflammation, insulin resistance, dyslipidemia, and other metabolic changes associated with obesity 17 .
Obesity Increases Tissue Blood Flow and Cardiac Output, and Decreases Blood Flow "Reserve"
Obesity is associated with extracellular fluid volume expansion and increased blood flow in many tissues which, in turn, increases venous return and cardiac output 15 . Cardiac output increases in parallel with increased body weight and part of this increase is due to blood flow that supplies the extra adipose tissue. However, blood flow is increased in other tissues, including the heart, kidneys, gastrointestinal tract, and skeletal muscles 10, 13, 16 . Some of the extra blood flow is due to growth of tissues and organs in response to increased workload and metabolic demands associated with obesity. However, blood flows of tissues such as the kidneys, skeletal muscle, and heart are increased in obese subjects even when flow is expressed per gram tissue weight 13 . Thus, obesity is associated with functional vasodilation that is likely due to increased metabolic rate and higher tissue oxygen consumption. may be due, in part, to endothelial dysfunction and weight reduction often improves flowmediated vasodilation in obese individuals 18 . Accelerated arterial stiffening occurs in elderly, middle-aged, young adults (20-40 years of age) and even in children who are obese 18, 19 . Moreover, higher aortic pulse-wave velocity, a measure of aortic stiffness, strongly correlates with increases in BMI, waist circumference and waist-hip ratio independent of systolic blood pressure, race, and sex 19, 20 .
The mechanisms responsible for the deleterious effects of obesity on the vasculature have not been fully elucidated, but are likely due to interactions of multiple disorders, including increased BP, inflammation, hyperglycemia, "lipotoxicity" caused by excessive non-β-oxidative metabolism of fatty acids, oxidative stress, and activation of multiple neurohumoral systems. There is evidence that excess visceral fat is an important source of cytokines and other factors that create a milieu of oxidative stress and inflammation that contributes to endothelial dysfunction, vascular stiffening, and eventually atherosclerosis 20 .
Obesity Impairs Renal-Pressure Natriuresis
Increased renal sodium reabsorption plays a major role in initiating the rise in BP associated with excess weight gain and obese subjects require higher than normal BP to maintain sodium balance, indicating impaired renal-pressure natriuresis 21 . At least three major factors appear to impair renal-pressure natriuresis and increase BP during rapid, excessive weight gain ( Figure 2 ): 1) physical compression of the kidneys due to increased visceral, retroperitoneal and renal sinus fat; 2) renin-angiotensin-aldosterone system (RAAS) activation, including activation of mineralocorticoid receptors (MR) independent of aldosterone; and 3) SNS activation, especially increased renal sympathetic nerve activity (RSNA). Also, CKD may over a much longer time, amplify the BP effects of these mechanisms, making obesity-associated hypertension more difficult to control and less easily reversed by weight loss.
Possible role of natriuretic peptide deficiency in obesity hypertensionAlthough this review focuses mainly on the role of physical compression of the kidneys and activation of the RAAS and SNS in obesity hypertension, a relative deficiency of natriuretic peptides has also been suggested to contribute to impaired salt and water excretion and hypertension in obese subjects. For example, obese hypertensive men have lower levels of proatrial natriuretic peptide despite higher sodium intake compared to lean normotensive men 22 . Not only are levels of natriuretic peptides inappropriately low in obese subjects 23 , but their release in response to volume loading is impaired 24 . Therefore, dysfunction of the natriuretic peptide system may also contribute to impaired salt and water homoeostasis in obesity hypertension.
Cardiac-derived natriuretic peptides may also play a role in metabolic regulation. Genetically engineered mice that lack receptors (NPR-C) to promote clearance of atrial natriuretic peptide and B-type natriuretic peptide have increased circulating levels of these peptides, "browning" of white adipocytes, and increased thermogenesis compared to wildtype mice 25 . Thus, high levels of natriuretic peptides may protect against development of obesity and associated metabolic disorders whereas deficiency of natriuretic peptides could exacerbate obesity-induced metabolic abnormalities. However, the importance of abnormal secretion and clearance of natriuretic peptides in contributing to obesity hypertension and associated metabolic abnormalities is still unclear and has been considered more extensively in other reviews 24, 26 .
RENAL COMPRESSION CAUSED BY VISCERAL, RETROPERITONEAL AND

RENAL SINUS FAT
Increased visceral and retroperitoneal fat may increase BP by physically compressing the kidneys. Excess fat accumulation in and around the kidneys is associated with increased intrarenal pressures, impaired pressure natriuresis, and hypertension 12 . In patients with visceral obesity, intra-abdominal pressure rises in proportion to sagittal abdominal diameter, reaching levels as high as 35-40 mmHg 27 . These high pressures compress the renal veins, lymph vessels, ureters and renal parenchyma. Also, in obese dogs, rabbits and humans, retroperitoneal fat often encapsulates the kidney, adheres tightly to the renal capsule, and invades the renal sinuses, causing additional compression and increased intrarenal pressures ( Figure 3 ) 10, 12 . In obese rabbits fed a high fat diet, increased renal sinus fat was associated with distortion and prolapse of the renal medullary ducts of Bellini which would tend to restrict urinary outflow 28, 29 .
In obese humans increases in retroperitoneal and renal sinus fat are associated with hypertension. Chandra et al 30 found in a large cohort of the Dallas Heart Study that visceral obesity and especially retroperitoneal fat were uniquely correlated with incident hypertension. Chughtai et al 31 reported that renal sinus fat was associated with stage II hypertension and the number of antihypertensive medications required to control BP. In the Framingham Heart Study, individuals with "fatty kidneys" (high perinephric fat levels) had more than a 2-fold higher risk for hypertension which persisted after adjustment for BMI and visceral fat 32 . Fatty kidneys were also associated with increased risk for CKD after adjustment for BMI and visceral adiposity.
In addition to compressing the kidneys, retroperitoneal and renal sinus fat may cause inflammation and expansion of renal medullary extracellular matrix that could further impair renal function. Glycosaminoglycan content and tissue concentration of hyaluronan, important components of renal medullary extracellular matrix, are markedly elevated in the renal medulla of obese dogs and rabbits compared to lean controls 29, 33 . Although the stimulus for increased hyaluronan in renal medulla is uncertain, its accumulation is associated with increased interstitial fluid pressure, tissue edema and inflammation in other conditions besides obesity.
Supporting the concept that visceral obesity compresses the kidneys is the observation that renal interstitial fluid hydrostatic pressure was elevated to 19 mmHg in obese dogs compared to only 9-10 mmHg in lean dogs 34 . Although small increases in renal interstitial fluid pressure inhibit renal tubular reabsorption, large increases of the magnitude found in obese animals would compress the thin loops of Henle and vasa recta, reducing renal tubule flow and medullary blood flow, and increasing fractional NaCl reabsorption in the loops of Henle 34 .
Increased sodium reabsorption caused by renal compression could indirectly contribute to renal vasodilation, glomerular hyperfiltration, and increased renin secretion in obese subjects 12 . Increased loop of Henle reabsorption would reduce macula densa NaCl delivery and cause, via tubuloglomerular feedback, reductions in afferent arteriolar resistance and increases in renal blood flow, GFR, and renin secretion. Glomerular hyperfiltration and elevated BP would tend to return macula densa NaCl delivery toward normal despite increased loop of Henle reabsorption, helping to restore sodium balance. Although renal compression cannot account for the initial rise in BP during rapid weight gain, they may partly explain why visceral obesity and increased renal fat are more closely associated with hypertension than subcutaneous fat.
Accumulation of fat in and around the kidneys may have additional "lipotoxic" effects on the kidneys. Lipid accumulation in key organs (ectopic fat storage) appears to impair organ function due to increased oxidative stress, mitochondrial dysfunction, and endoplasmic reticulum stress 35 .
In contrast to multiple studies in dogs, rabbits, and humans suggesting that kidney compression contributes to obesity hypertension, this does not appear to be a major factor in rodents. Even in morbidly obese rodents (e.g. ob/ob mice), there is little adherence of fat to the kidney capsule or evidence of renal compression. In fact, kidneys from obese rats and mice appear to be "floating" in the surrounding fat with minimal invasion of the fat into the capsule or renal sinuses ( Figure 3) . However, the mechanisms responsible for the relative protection from adherence and invasion of fat into the kidneys of rodents, compared to humans and dogs, are unknown and a potentially interesting area for further research.
Thus far, the only proven strategies to reduce visceral, retroperitoneal and renal sinus fat and their adverse effects on cardiovascular, metabolic and renal function are bariatric surgery for severely obese patients and lifestyle modification with dietary changes and increased physical activity. A small, randomized controlled trial in which a small amount of visceral fat (0.8% of total body fat) was removed by omentectomy in patients who underwent gastric banding demonstrated improvements in glucose regulation, compared to those who only received gastric banding treatment 36 . Improved glucose tolerance, increased insulin sensitivity, and decreased fasting glucose occurred in the absence of significant effects of omentectomy on body weight, although effects on BP and kidney function were not reported; further longitudinal studies are needed to determine the impact on ectopic fat depots in and around the kidneys on blood pressure and renal function.
Multiple mechanisms activate the RAAS activation in obesity including compression of the kidneys and increased SNS activation. Some studies also suggest a role for a local RAAS in adipose tissue 41 . Although angiotensinogen is produced in adipocytes, the importance of adipose tissue as a source of AngII formation is still unclear. There have been no studies, to our knowledge, directly demonstrating that adipocyte-specific derived angiotensinogen or AngII have a major influence on BP regulation in obesity. AngII has also been suggested to play a role in adipocyte growth and differentiation in rodents 42 but there is little evidence in humans that inhibitors of the RAAS have major effects on adiposity or body weight.
Role of AngII in Obesity Hypertension
An important role for AngII in stimulating renal NaCl reabsorption and in mediating obesity hypertension is supported by studies in experimental animals demonstrating that AngII receptor blockade or ACE inhibition attenuates sodium retention, volume expansion, and increased BP in obesity 43, 44 . In obese Zucker rats there is increased sensitivity to the BP effects of AngII and RAAS blockade lowers BP to a greater extent than in lean rats despite lower PRA 45 .
Although smaller clinical trials have clearly shown that angiotensin receptor blockers (ARBs), renin inhibitors, or angiotensin converting enzyme (ACE) inhibitors are effective in lowering BP in obese hypertensive patients [46] [47] [48] , there have been no large-scale clinical studies comparing the effectiveness of RAAS blockers in obese and lean hypertensive patients.
Activation of the RAAS may contribute to glomerular injury and nephron loss associated with obesity not only by increasing BP but also through intrarenal effects. For example, constriction of efferent arterioles by AngII exacerbates the rise in glomerular hydrostatic pressure caused by arterial hypertension. Studies in obese type II diabetic patients indicate that ACE inhibitors or ARBs slow progression of CKD 49,50. However, further studies are needed in non-diabetic, obese subjects to determine the efficacy of RAAS blockers compared to other antihypertensive agents, in treating hypertension and reducing the risk of renal injury.
Role of MR Activation in Obesity Hypertension
Antagonism of MR also provides an important therapeutic tool for lowering BP and attenuating target organ injury in obesity hypertension. In obese dogs, for example, MR antagonism markedly attenuated sodium retention, hypertension, and glomerular hyperfiltration 51 ( Figure 4 ). The observation that MR antagonism attenuated glomerular hyperfiltration may also have important implications for renal protection, although there are no studies, to our knowledge, that have directly tested this in obese humans.
Administration of MR antagonists provides significant antihypertensive benefit in treatment resistant obese patients, although there was no correlation between plasma aldosterone levels and BP responses to MR blockade 52, 53 . BP reductions after MR antagonism in obese patients with resistant hypertension occurred despite concurrent therapy with ACE inhibitors or ARBs, suggesting that MR activation in obesity can occur independently of AngIImediated stimulation of aldosterone secretion 54 .
It is not clear, however, why MR blockade is so effective in lowering BP and altering renal function in obesity despite only mild increases, or even slight decreases in plasma aldosterone, especially in those treated with ACE inhibitors or ARBs. One explanation is that obesity enhances sensitivity to aldosterone-mediated MR activation. Although obese Zucker rats have increased abundance of the α subunit of epithelial sodium channel (ENaC) in the renal cortex 55 , it is unclear whether there is increased expression of the other subunits necessary to form functional ENaCs or whether these changes play a major role in obesity hypertension.
Obesity also increases renal tubular epithelial cell expression of Rac1, a small guanosine triphosphate (GTP)-binding protein member of the Rho family of GTPases that activates MR signal transduction 54 . Several metabolic factors associated with obesity, including hyperglycemia, appear to induce renal Rac1 activation and Rac1 inhibitors attenuate proteinuria and renal injury in obese hypertensive animals 54 .
Glucocorticoids may also contribute to MR activation in obesity. Although cortisol can bind to MR with high affinity, renal epithelial cells are normally "protected" by the enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2), which converts cortisol to cortisone, a glucocorticoid that does not avidly bind MR. We found that 11β-HSD2 is markedly downregulated in kidneys of obese dogs, providing a potential mechanism by which cortisol might activate the MR. Also, the ability of cortisol to activate MR may be influenced by the intracellular redox state, with increased oxidative stress resulting in increased MR activation by cortisol 56 . However, the importance of these mechanisms is still unclear and further studies are needed to determine why MR blockade is so effective in lowering BP in obesity hypertension.
AUTONOMIC NERVOUS SYSTEM AND RENAL NERVES IN OBESITY Decreased Cardiac Parasympathetic Activity in Obesity
Obesity generally decreases parasympathetic tone and increases sympathetic activity. These changes in autonomic activity are associated with increased heart rate (HR), decreased HR variability, and reduced baroreflex sensitivity as well as hypertension 17, 57, 58 . The elevated HR is mainly due to decreased parasympathetic tone rather than increased sympathetic activity 57, 59 . Conversely, weight reduction increases parasympathetic tone and HR variability while decreasing HR 60 . Although obesity increases sympathetic activity in many tissues, including the kidneys and skeletal muscles, cardiac sympathetic activity, as assessed by the norepinephrine spillover method, may be normal or reduced because of baroreflex inhibition of cardiac SNS activity 61 .
Sympathetic Nervous System Activation in Obesity
Multiple lines of evidence indicate that increased SNS activity contributes to obesity hypertension 5, 12 : 1) SNS activity, assessed by direct recordings of muscle sympathetic nerve activity (MSNA) or norepinephrine spillover, is increased in some, but not all, tissues of obese hypertensive subjects; 2) administration of α/β-adrenergic blockers or clonidine, which stimulates central α-2 adrenergic receptors and reduces SNS activity, prevents most of the obesity-induced rise in BP in obese animals 10, 62 and α/β-adrenergic blockade reduces ambulatory BP significantly more in obese than in lean hypertensive patients 63 ; 3) renal denervation (RDN) markedly attenuates sodium retention and hypertension in obese animals and obese patients with resistant hypertension. Although excessive caloric intake and weight gain clearly increases SNS activity and BP, SNS overactivity, via ensuing downregulation of β-adrenergic responsiveness, has also been suggested to exacerbate weight gain in some hypertensive patients 64 .
Obesity causes mild SNS activation that is differentially controlled in various tissues and depends on body fat distribution-Although cardiac SNS activity may not be elevated, RSNA and MSNA are generally increased in obese compared to lean subjects 65, 66 . In rabbits, for example, RSNA increases within one week after starting a high fat diet while baroreflex control of RSNA is attenuated 14 .
Obesity-induced increases in SNS activity are usually mild and not sufficient to reduce tissue blood flow. In fact, obesity is often associated with increased blood flow in the kidneys and many other tissues. However, increased RSNA stimulates renin secretion and renal sodium reabsorption which, in turn, contribute to development and maintenance of obesity hypertension 5, 12 .
Ethnicity and other factors such as fat distribution influence SNS responses to obesity 10 . For reasons that are still unclear, visceral obesity elicits greater SNS activation than does subcutaneous obesity 65 . In most cases MSNA has been measured rather than RSNA, the primary pathway by which the SNS causes chronic obesity hypertension. Because there is heterogeneity of autonomic outflow to different organs, measurements of MSNA activity may not always reflect RSNA. Studies by Esler and colleagues 61, 66 indicate that obese hypertensive subjects generally have increased RSNA, as assessed by the norepinephrine spillover method, although studies comparing different ethnic groups are limited. Thus, additional studies are needed to assess factors that influence the relationships among visceral obesity, RSNA, and hypertension in different populations.
Role of efferent and afferent renal nerves in obesity hypertensionConsiderable evidence suggests that the chronic BP effects of SNS activation in obesity are mediated mainly by renal nerves. Bilateral RDN greatly attenuated sodium retention and development of hypertension in obese dogs fed a high fat diet 67 . RDN also returned BP to nearly normal levels in established obesity hypertension in dogs 68 ( Figure 5 ). Even partial RDN (42% reduction in renal norepinephrine) using catheter-based radiofrequency ablation substantially reduced BP in obese dogs 69 . Similar results have been found in obese humans with resistant hypertension in which catheter-based radiofrequency RDN consistently lowered office BP by 25-30 mmHg systolic BP and 10-12 mmHg diastolic BP for up to 24 months 70, 71 . When 24-hour ambulatory BP was measured in a subgroup of patients, the reductions in BP after RDN averaged −11/−7 mmHg systolic/diastolic BP 70, 71 , although, a recent trial failed to find a major effect of RDN on BP, compared to sham controls 72 . However, these patients were already on at least 3 antihypertensive medications, including blockers of the RAAS which may mediate at least part of the effect of the renal nerves on BP, and the extent of RDN was not verified; it appears that even under optimal conditions the radiofrequency method causes only 40-50% ablation of the renal nerves 69, 73 . Overall, experimental and clinical studies in which RDN has been verified indicate that the renal nerves mediate most of the chronic effects of SNS activation on BP in obesity.
RDN, in addition to removing sympathetic renal efferent nerves, also eliminates renal afferent nerve fibers. These afferents carry information from mechanoreceptors and chemoreceptors to the central nervous system (CNS) and have been suggested to contribute to various forms of experimental hypertension, including renovascular hypertension 70 . However, the role of renal afferents in hypertension has been controversial. Early investigators, including Harry Goldblatt who first developed reproducible models of renovascular hypertension, found no evidence that renal or splanchnic nerves are necessary for development or maintenance of renovascular hypertension 74, 75 .
The concept that renal afferents contribute to the BP lowering effects of RDN initially derived from a report that whole-body norepinephrine spillover and MSNA were reduced one year after RDN in a single patient 76 . Further support for this concept came from the observation that in obese patients with resistant hypertension, radiofrequency RDN decreased MSNA (by only 12-14%) as well as BP for up to one year 71, 77 . These findings were interpreted as evidence that interrupting afferent renal nerve pathways to the brain may contribute to generalized sympathoinhibition and BP reduction after RDN 70, 71 . However, reductions in BP following RDN do not appear to be correlated with reductions in MSNA and some investigators have failed to observe long-term reductions in MSNA after RDN 78 . Thus, it is still uncertain whether RDN causes significant decreases in SNA to other organs besides the kidneys. Also, measurements made for a few minutes under resting conditions may not adequately reflect SNA when a person is undergoing normal daily activities.
We assessed the role of renal sensory afferents in obesity hypertension by surgical removal of renal afferent traffic with dorsal root ganglionectomies from T10 to L2. Excision of renal afferents did not attenuate development of obesity hypertension in dogs fed a high fat diet 79 . These findings suggest that most of the BP effect of RDN in obese dogs can be attributed to removal of renal sympathetic efferent fibers rather than afferents. Whether this is true in obese humans has not been directly tested.
Several mediators of SNS activation in obesity have been suggested, including: 1) impaired baroreceptor reflexes; 2) activation of chemoreceptor-mediated reflexes associated with sleep apnea and intermittent hypoxia; 3) hyperinsulinemia; 4) AngII; 5) cytokines released from adipocytes such as leptin, tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6); 6) the CNS CNS proopiomelanocortin (POMC) pathway. Although the role of many of these factors is still uncertain, leptin and the CNS POMC pathway appear to be important in obesity-induced SNS activation and hypertension 17, [80] [81] [82] .
Role of Leptin in Obesity-Induced SNS Activation and Hypertension
Acute and chronic effects of leptin on RSNA and BP-Shortly after leptin's discovery in 1994, investigators found a positive association between plasma leptin concentration and MSNA activity 83 and that acute leptin administration in rodents increased SNS activity in brown adipose tissue (BAT), the adrenal gland, and the kidneys 84 . More recent studies indicate that acute hyperleptinemia increases MSNA in humans 85 . Although these findings suggest a possible role for leptin in controlling renal function and BP, acute injections of leptin have little effect on BP despite increasing SNS activity, perhaps due, in part, to counterbalancing vasodilator effects of nitric oxide (NO) which is also stimulated by leptin 80, 86 .
We demonstrated, however, that chronic increases in plasma leptin levels, comparable to those found in severe obesity, caused sustained increases in BP and HR in rodents 87 . Aizawa-Abe et al. 88 subsequently reported increased BP in transgenic mice with ectopic leptin overexpression in the liver. Leptin-mediated increases in BP occur gradually over several days, consistent with modest increases in SNS activity that are not sufficient to directly cause vasoconstriction but sufficient to increase renal sodium reabsorption. The BP effects of leptin were completely abolished by combined α/β-adrenergic receptor blockade; in fact, after adrenergic blockade leptin infusion lowered BP and HR, perhaps due to weight loss or stimulation of NO 62 .
The chronic hypertensive effect of leptin in lean rodents is modest and some investigators have reported no changes in BP during leptin infusions 89 . However, chronic hyperleptinemia in lean animals also markedly reduces food intake and body weight which would tend to lower SNS activity and BP. Moreover, leptin stimulates NO production which opposes increases in BP. After blocking NO synthesis the chronic effects of leptin to cause hypertension and tachycardia were markedly amplified despite reduced food intake and weight loss 86 . To the extent that obesity causes endothelial dysfunction and impaired NO release as well as resistance to the anorexic and weight loss effects of leptin, one might predict enhanced BP effects of leptin in obese subjects, if the effects on SNS activity are maintained.
Most of the available data on BP effects of leptin are from rodents and leptin's effects on SNA and BP in humans have not been extensively studied. In a randomized, double-blind, placebo controlled study in overweight or obese humans, Zelissen et al. 90 reported that administration of recombinant leptin for 12 weeks did not raise BP, although they also observed no significant changes in body weight compared to control subjects. Brooke et al. 91 observed that acute leptin administration in lean humans did not raise BP, a finding that is not surprising in view of previous studies showing that leptin's effects on BP require several days to manifest 87 .
A role for endogenous leptin in obesity hypertension is supported by the finding that administration of a leptin receptor antagonist reduced BP and renal SNS activity in obese rabbits fed a high fat diet 92 . Similar studies have not, to our knowledge, been conducted in humans. However, the limited available information suggests that acute leptin administration stimulates SNS activity in humans 85 , similar to findings in experimental animals 17 . Overall, the current data suggest that leptin, at levels comparable to those found in obesity, raises BP and RSNA in experimental animals and increases SNS activity in humans, although there are no studies directly demonstrating that leptin administration raises BP in humans.
CNS sites of leptin action-Leptin receptors (LepR) are expressed in many areas of the brain, including the ventromedial hypothalamus, arcuate nucleus (ARC) and dorsomedial areas of the hypothalamus, as well as in vasomotor centers of the brainstem and spinal cord intermediolateral nucleus (IML) 93 . Although the CNS centers that mediate leptin's action on SNS activity and cardiovascular function have not been precisely mapped, hypothalamic centers and extra-hypothalamic regions such as the brainstem and subfornical organ (SFO) have been implicated 93, 94 . Microinjections of leptin into the ARC increased RSNA and BAT SNS activity (BATSNA) 95 and ARC lesions prevented increased BATSNA when leptin was infused 93 . LepR deletion in the ARC attenuated increases in RSNA and BATSNA evoked by leptin 96 . These observations are consistent with studies showing that ARC neurons send projections to sympathetic preganglionic neurons in the IML and suggest that the ARC is an important site for leptin's effects on SNS activity. In fact, deletion of LepR only in POMC neurons, a major type of neuron in the ARC, prevents increased BP during chronic hyperleptinemia 97 .
Other hypothalamic nuclei have been implicated in leptin's effects on SNS activity. The ventromedial and dorsomedial hypothalamus, for example, may contribute to the acute effects of leptin on RSNA, MSNA and BATSNA 93 . Extra-hypothalamic centers may also mediate leptin's effect on SNS activity. Microinjections of leptin into the nucleus tractus solitarius (NTS) of the brainstem increased RSNA and acutely raised BP while BATSNA remained unchanged 98 . In contrast, leptin microinjections into the forebrain SFO decreased BP in lean rats, an effect that was absent in diet-induced obese rats 99 . Young and colleagues 100 , however, showed that mice with specific deletion of LepR in SFO neurons had normal BATSNA responses to leptin administration but did not exhibit the expected increase in RSNA. Taken together, these studies suggest that several brain regions may coordinate SNS responses to leptin and that leptin's effects on SNS activity in various organs and tissues can be differentially controlled by activation of LepR in multiple brain regions. Does obesity cause "selective" leptin resistance?-Leptin is less effective in suppressing appetite in obese compared to lean experimental animals 93 . However, if leptin is administered ICV, bypassing the blood brain barrier, food intake is substantially decreased in obese rodents fed a high fat diet 101 . This suggests that the attenuated response to leptin in obesity is partly due to defective transport, or saturation of transport, of leptin across the blood brain barrier 102 . However, obese subjects have higher cerebrospinal fluid (CSF) leptin levels compared to lean subjects 102 suggesting that obesity also causes resistance to leptin signaling, likely related to a post-receptor defect 103 .
To the extent that obesity induces global leptin resistance, one might expect attenuation of leptin's effects on SNS activity and BP, as well as attenuation of its anorexic effects. However, obesity has been suggested to induce "selective" leptin resistance, whereby leptin's effects to increase RSNA are preserved while appetite suppression is attenuated 93 . In obese mice, leptin's anorexic effects were blunted whereas the acute effects to increase RSNA were preserved 104 . Unfortunately, few studies have tested whether there is resistance to the chronic effects of hyperleptinemia on BP and SNS activity in obese compared to lean subjects. Also, the CNS pathways and cell signaling mechanisms that underlie selective leptin resistance in obesity are poorly understood and represent an important area for further investigation.
Molecular mechanisms for leptin's differential effects on BP and metabolic function-The LepR is a cytokine receptor that activates janus tyrosine kinase 2 (JAK2).
After binding to its CNS receptors, leptin increases activity of JAK2 leading to subsequent activation of three major intracellular pathways ( Figure 6 ): 1) phosphorylation of tyrosine (Tyr) 1138 to recruit latent signal transducers and activators of transcription 3 (STAT3) to the LepR-JAK2 complex, causing phosphorylation and nuclear translocation of STAT3 to regulate transcription; 2) insulin receptor substrate 2 (IRS2) phosphorylation activates phosphatidylinositol 3-kinase (PI3K) which may elicit rapid non-genomic effects on neuronal activity and neuropeptide release; and 3) Tyr985 phosphorylation which recruits the tyrosine phosphatase (SHP2) to activate mitogen-activated protein kinase (MAPK).
Deletion of each of these CNS signaling pathways causes increased adiposity, but only neuron-specific STAT3 deletion recapitulates the obese phenotype found in leptin-deficient mice 105 . In addition to its importance in regulating body weight, STAT3 signaling also contributes to leptin's chronic effects on BP. Deletion of STAT3 specifically in POMC neurons attenuated leptin's effect to raise BP but had only minor effects on food intake and energy expenditure 106 . These observations suggest that leptin-mediated activation of STAT3 in POMC neurons is important for BP regulation whereas STAT3 activation in other neuronal types is more important in mediating leptin's effects on appetite and energy expenditure.
The IRS2-PI3K pathway may also mediate leptin's effect on SNS activity and BP. Pharmacological blockade of PI3K abolished the acute effects of leptin on RSNA 107 . CNS deletion of IRS2 signaling also attenuated the chronic BP effects of leptin but caused only moderate obesity and did not alter the anorexic responses to leptin 108 . These observations suggest that IRS2-PI3K signaling contributes modestly to body weight regulation but mediates at least part of leptin's effects on SNS activity and BP.
Deletion of SHP2 in the entire CNS or specifically in the forebrain causes early-onset obesity associated with hyperphagia and impaired glucose regulation 109 . Also, the chronic BP effects of leptin were attenuated in mice with forebrain SHP2 deletion 110 suggesting that SHP2 signaling may contribute to the effects of leptin on SNS activity and BP.
These observations suggest that each of these three intracellular signaling pathways contributes to BP regulation but may have variable effects on metabolic function. To the extent that these pathways are differentially regulated in obesity, this may help explain development of selective leptin resistance. LepR activation in different regions of the CNS may also contribute to differential control of cardiovascular and metabolic function in obesity. As discussed later, POMC neurons appear to be key sites for leptin's effects on RSNA, BP and glucose but mediate only a small fraction of leptin's anorexic effects. Further studies are needed, however, to ascertain how these pathways are regulated in obesity and if their differential activation contributes to selective leptin resistance.
Role of protein tyrosine phosphatase 1B (PTP1B) and suppressor of cytokine signaling 3 (SOCS3) as negative regulators of leptin's effects on SNS activity and BP-As discussed previously, LepR activation causes phosphorylation of tyrosine residues on the LepR, including Tyr1138 which facilitates the binding of STAT proteins. One of the regulators of this signaling pathway is PTP1B which dephosphorylates JAK2 (Figure 6 ). Genetic deletion of PTP1B enhances leptin sensitivity and protects against obesity but exacerbates leptin's BP effects 89 . Mice with whole body PTP1B deletion had reduced body fat compared to control mice, but higher BP and greater BP responses to leptin. Moreover, ganglionic blockade caused a larger fall in BP in PTP1B deficient mice compared to control mice, suggesting a greater contribution of SNS to BP in PTP1B deficient mice 89 . The finding that PTP1B deletion raised BP by SNS activation, even in the absence of high levels of leptin, suggests that this pathway may also modulate SNA through other mechanisms besides leptin signaling. SOCS3 expression is regulated by the STAT3 pathway and, like PTP1B, is a negative regulator of LepR signaling that may contribute to leptin resistance in obesity ( Figure 6 ). SOCS3 deficiency increases leptin sensitivity and attenuates obesity development in mice fed a high fat diet 111 . The importance of SOCS3 signaling in regulating SNS activity and BP, however, is unclear. Together, PTP1B and SOCS3 could play an important role in modulating the appetite, metabolic and cardiovascular actions of leptin and contribute to the development of selective leptin resistance in obesity. However, additional studies are needed to determine how obesity alters PTP1B and SOCS3 expression and the role of these pathways in cardiovascular regulation.
Other factors associated with obesity, such as endothelial dysfunction and impaired NO release, also selectively amplify the leptin's effects on SNS activity and BP. Thus, obesity induces complex pathophysiological events that not only modulate LepR signaling but also elicit changes in renal, vascular and SNS function that contribute to unaltered, or even augmented, effects of leptin on SNS activity and BP (Figure 7 ) whereas leptin's action on appetite, energy expenditure, and glucose homeostasis are attenuated.
Sympathetic activity and BP regulation in obese, leptin deficient subjectsMice with leptin deficiency (ob/ob) mice have severe obesity, insulin resistance, hyperinsulinemia, and dyslipidemia but lower BP and reduced SNS activity compared to lean mice 112 . Moreover, leptin infusion in ob/ob mice increased BP despite reducing body weight 113 .
Humans with leptin deficiency also exhibit early-onset morbid obesity and many features of the metabolic syndrome 114 . Although BP and SNS activity have been assessed in only a few leptin-deficient humans, they generally are not hypertensive and do not have increased SNS activity. Of 4 individuals with leptin gene mutations who were studied by Ozata et al 115 , 3 had normal BP despite severe obesity. One patient had elevated BP associated with high levels of adrenocorticotrophic hormone that could have contributed to the hypertension. However, all of these leptin-deficient individuals had sympathetic hypofunction as evidenced by postural hypotension, attenuated RAAS responses to upright posture, and reduced BP responses to cold pressor tests.
We interpret these observations to be mainly consistent with observations in ob/ob mice which have normal or reduced BP despite severe obesity, insulin resistance and dyslipidemia. Collectively, clinical and experimental observations support a role for leptin as a link between obesity, increased SNS activity and elevated BP although data on leptin's chronic BP effects in humans are still limited.
Role of CNS Proopiomelanocortin Pathway in Obesity-Induced SNS Activation and Hypertension
The CNS POMC pathway is a major regulator of appetite, energy expenditure and body weight. POMC-expressing neurons are located in the ARC and send projections to neurons in the paraventricular nucleus (PVN) and lateral hypothalamus where they release α-melanocyte stimulating hormone (α-MSH), an agonist for melanocortin 3/4 receptors (MC3/4R) 116 ( Figure 6 ). The brainstem NTS also contains POMC neurons and MC3/4R that may be important in regulating energy balance 117 .
Increased food intake and weight gain stimulate POMC neurons and MC3/4R signaling whereas negative energy balance reduces activity of this pathway. The importance of melanocortins in regulating energy balance is demonstrated by the finding that defects of POMC neuronal function or MC4R signaling cause severe obesity 118 . Although MC3R regulates energy expenditure, MC4R is much more important in regulating appetite and body weight. MC4R deficiency, for example, causes severe obesity whereas MC3R deficiency causes only mild increases in body weight 119 . Mutations of MC4R cause 5-6% of early onset, morbid obesity in children, illustrating the powerful role of this pathway in body weight regulation 120 .
Activation of CNS POMC-MC4R pathway increases SNS activity and BP-In
addition to regulating energy balance, the CNS POMC-MC4R system may contribute to obesity-induced SNS activation and hypertension. Chronic pharmacological activation of CNS MC4R in rats increases BP while reducing appetite and body weight 121 . The rise in BP after chronic activation of MC4R is abolished after α/β-adrenergic blockade indicating that it is due to increased adrenergic activity 122 . Conversely, blockade of CNS MC4R in rodents causes voracious feeding, rapid weight gain, and reduces rather than increases BP 123 . MC4R deficient mice are also hyperphagic, obese, and have many features of the metabolic syndrome but are not hypertensive on normal or high salt diets 124 .
The BP-lowering effects of MC4R antagonism are especially pronounced in spontaneously hypertensive rats (SHR), a genetic model of hypertension characterized by increased SNS activity 123 . CNS antagonism of MC4R for 12 days caused a much greater reduction in BP in SHR than in normotensive Sprague-Dawley or Wistar-Kyoto rats despite marked increases in food intake, weight gain and insulin resistance; the fall in BP in SHR after MC4R blockade was similar to that achieved with α/β-adrenergic blockade. These observations suggest that MC4R activation contributes to tonic SNS activation and may be necessary for rapid weight gain to increase BP.
Studies in humans also suggest that MC4R activation contributes to obesity-induced hypertension. Hypertension prevalence is lower in MC4R deficient humans compared to control subjects, despite severe obesity and associated metabolic disorders 125, 126 . Even after exclusion of patients taking antihypertensive medications, BP, heart rate, and 24-hour norepinephrine excretion were significantly lower in MC4R-deficient subjects than in control subjects. Moreover, administration of a synthetic MC4R agonist increased BP, similar to the responses observed in rodents. Thus, in humans and rodents, chronic activation of MC4R raises BP and a functional POMC-MC4R system appears to be necessary for obesity to increase SNS activity and BP.
POMC-MC4R regulates BP in non-obese subjects, independent of leptin-The CNS POMC-MC4R pathway may increase SNS activity in response to additional stimuli besides leptin and obesity. MC4R blockade markedly reduced BP in SHR, a non-obese model of hypertension associated with increased SNS activity 123 . MC4R antagonism also reduced BP in obese Zucker rats with defective LepR signaling 127 and attenuated BP effects of other peptides besides leptin, including nesfatin-1 and neuronostatin 128, 129 . Also, MC4R blockade attenuated hypertension associated with inhibition of NO synthesis but did not lower BP in AngII hypertension which is associated with decreased RSNA 130 . Studies in humans also show that increased MSNA during hypoxic stress is attenuated in MC4R deficient subjects 131 . These observations support the concept the POMC-MC4R pathway may contribute to SNS activation during acute stress as well as during chronic increases in SNS activity, and that this system plays a more fundamental role controlling SNS activity and BP than previously appreciated.
CNS centers for BP and SNS regulation by POMC-MC4R-
The CNS regions with the greatest abundance of MC4R are the PVN, lateral hypothalamus (LH), the amygdala, the dorsal motor complex which includes the NTS and the dorsal motor nucleus of the vagus (DMV) 116 , and preganglionic sympathetic neurons of the IML 132 which are all important sites for autonomic regulation ( Figure 6 ). However, the specific brain regions where MC4R are most important in regulating SNS activity and BP are still unclear. Much of what is known comes from acute studies where MC4R agonists and antagonists have been injected into discrete CNS nuclei of anesthetized animals. Microinjection of an MC4R agonist into the PVN, for example, increased RSNA and BP 133 and the effect of hyperinsulinemia to acutely raise lumbar SNS activity was prevented by blockade of MC4R in the PVN 134 .
The few studies that have examined chronic cardiovascular actions of MC4R in specific neuronal populations suggest a role for MC4R on cholinergic preganglionic parasympathetic and sympathetic neurons in contributing to obesity hypertension 135 . MC4R on POMC neurons may also play a role in modulating POMC activity and autonomic function 136 . Rescue of MC4R function specifically in POMC neurons of mice with whole-body MC4R deficiency partially restored the BP response to acute stress, suggesting that MC4R may serve to autopotentiate POMC neuronal activity 136 . However, the specific neurons that mediate the effects of MC4R on SNS activity and BP in obesity are still largely unknown.
Signaling pathways that mediate effects of MC4R activation on BP and metabolic functions-The MC4R is a G protein-coupled receptor that increases cAMP phosphorylation and activates protein kinase A (PKA); blockade of these intracellular pathways attenuates or abolishes MC4R actions 137 . Although alternative cAMP-independent mediators of MC4R have been proposed 138 their physiological importance is unknown.
Previous studies of potential downstream mediators have generally been acute, lasting for only minutes to a few hours. Pharmacological activation of MC4R increased brain-derived neurotrophic factor (BDNF) protein in the DMV of rats, and the acute effect of an MC4R antagonist injected in the 4th ventricle to increase food intake was blocked by coadministration of BDNF 139 . Also, MC4R-mediated reductions in food intake and increases in BP were attenuated by prior CNS injection of an anti-BDNF antibody 138 . Other candidates, such as corticotrophin-releasing hormone (CRH), melanin-concentrating hormone (MCH), and oxytocin have also been suggested to contribute to MC4R's actions on appetite 137 . However, it is still unclear if they mediate the BP effects of MC4R activation.
Thus, the CNS POMC-MC4R pathway regulates appetite, energy expenditure, autonomic nervous system activity and cardiovascular responses to stress, among many other important functions. However, the brain regions and downstream pathways that mediate MC4R actions are only beginning to be elucidated.
CKD MAY AMPLIFY THE IMPACT OF OBESITY ON HYPERTENSION
In addition to increasing BP by renal compression and activation of the RAAS and SNS, obesity may eventually cause CKD that amplifies the hypertension and makes it more difficult to control. The impact of obesity on CKD is obvious when one considers that type II diabetes and hypertension, both of which are closely associated with obesity, account for more than 70% of end stage renal disease (ESRD). Also, the rapid rise in CKD in the past three decades has paralleled increasing obesity and there is evidence that obesity may be an independent risk factor for CKD, beyond its effects to cause hypertension and diabetes 12 .
In a study of almost 6,500 non-diabetic participants, increasing BMI and waist circumference were associated with reduced estimated glomerular filtration rate (eGFR) and CKD 140 . Abdominal obesity was associated with higher risk of renal insufficiency even after adjustment for dyslipidemia, hyperglycemia, BP and BMI in patients with essential hypertension. In a retrospective analysis of 320,252 adults followed for 15-35 years, the rate of ESRD increased stepwise as BMI increased and this relationship remained after adjustment for BP, diabetes, smoking, age, and several other variables 141 .
Early in development of obesity and even in obese children, there is often interstitial fibrosis, microalbuminuria or proteinuria, expansion of mesangial matrix, glomerulomegaly, focal segmental glomerular sclerosis, and podocyte disorder associated with glomerular hyperfiltration [142] [143] [144] . As obesity and its associated hypertension and metabolic abnormalities are sustained, glomerular hyperfiltration subsides and may be replaced by declining GFR associated with nephron loss 12, 142, 143 . With nephron loss there is increasing salt-sensitivity of BP 143 . Obesity also aggravates the deleterious effects of other primary kidney insults, including unilateral nephrectomy, kidney transplantation, unilateral renal agenesis, and immunoglobulin A (IgA) nephropathy 142, 143 .
Although the mechanisms by which obesity causes renal injury, in addition to hypertension and diabetes, are still unclear and beyond the scope of this review, multiple factors have been proposed including inflammation, mitochondrial dysfunction, oxidative stress, dyslipidemia and "lipotoxicity" caused by fat infiltration into and around the kidneys 143 .
Regardless of the precise causes of obesity-induced CKD, it is likely that the gradual decline in kidney function helps to explain why most patients with treatment resistant hypertension are also overweight or obese 145 . With declining renal function adequate BP control becomes increasingly challenging.
SUMMARY AND PERSPECTIVES
There is overwhelming evidence that excess weight gain and visceral obesity are major causes of hypertension, perhaps accounting for as much as 65-75% of the risk for human essential hypertension. Although the mechanisms of obesity-induced hypertension are still being intensively studied, research in experimental animals and humans suggest important roles for impaired renal-pressure natriuresis due to physical compression of the kidneys and activation of the RAAS and SNS. As obesity and its metabolic and hemodynamic consequences are sustained over many years, renal injury gradually makes the hypertension more severe and more resistance to therapy.
Although weight loss is helpful in managing hypertension, many obese patients are unable to sustain adequate weight loss through lifestyle modifications and there are few available drugs that safely and effectively produce adequate long-term weight loss. Current therapeutic approaches are therefore aimed mainly at treating the hypertension and metabolic consequences of obesity, including diabetes, dyslipidemia, and inflammation. Specific guidelines for treating obesity-associated hypertension, in addition to the recommendation of reducing weight, are needed.
The most important therapeutic goal for obese hypertensive patients should be to treat their underlying causes of obesity. However, the physiological and behavioral factors that regulate energy balance are still not well understood despite an explosion of obesity-related research in the past two decades and the discovery of many adipokines, gastrointestinal hormones, and CNS pathways that influence food intake and energy expenditure. Unfortunately, the most powerful known mechanisms that control energy balance and adiposity, such as leptin and the CNS melanocortin system, also tend to increase BP and HR. Although further research is needed to better understand the molecular pathways that link metabolic and cardiovascular regulation, the rapid advances that are occurring in this field provide reasons to be optimistic that more effective therapies for obesity will be developed in the near future.
Nonstandard Abbreviations and Acronyms
11β-HSD2
11β-hydroxysteroid dehydrogenase type 2 Effect of weight gain to shift the frequency distribution of blood pressure toward higher levels. Summary of mechanisms by which obesity initiates development of hypertension and renal injury. Sympathetic nervous system (SNS); Renin-angiotensin-aldosterone system, RAAS; Mineralocorticoid receptor, MR; Proopiomelanocortin, POMC, neurons. Kidneys from an obese dog fed a high fat diet for 8 weeks (A) and a severely obese (ob/ob) mouse with leptin deficiency (B). In obese dogs, the fat adheres tightly to the renal capsule, penetrates the renal capsule, and invades the renal sinuses. In obese mice the kidney is surrounded by fat but the fat does not adhere to the kidneys. Leptin-melanocortin activation in distinct areas of the brain and through multiple intracellular signaling pathways may differentially regulate appetite, energy expenditure, and arterial pressure. Leptin binding to the leptin receptor (LepR) activates its associated JAK2 tyrosine kinase (Tyr), leading to the autophosphorylation of tyrosine residues on JAK2 and phosphorylation of Tyr985 and Tyr1138. Phosphorylation of Tyr985 activates SHP2/MAPK and phosphorylation of Tyr1183 activates STAT3, a transcription factor. STAT3 activation, in addition to mediating multiple effects of leptin, also induces transcription of SOCS3 which binds to phosphor-Tyr985 and to the LepR-JAK2 complex and has a feedback effect to attenuate LepR-mediated signaling. PTP1B attenuates leptin signaling by dephosphorylation of JAK2. LepR activation of proopiomelanocortin (POMC) neurons causes release α-melanocyte stimulating hormone (α-MSH) which stimulates melanocortin 4 receptors (MC4R) in second-order neurons of the hypothalamus, brainstem, and spinal cord intermediolateral nucleus (IML). Possible interactions among leptin, sympathetic activity, endothelial dysfunction and nitric oxide (NO) synthesis, and negative regulators of leptin signaling, cytokine signaling 3 (SOCS3) and protein tyrosine phosphatase 1B (PTP1B), in obesity hypertension. The net effect of leptin on blood pressure depends on the degree of endothelial dysfunction and whether there is selective resistance to the weight loss effects of leptin with preservation of the sympathetic effects of leptin in obesity. Table 1 Hemodynamic, neurohumoral, and renal changes in obese humans, compared to lean subjects, and in experimental animal models of obesity caused by a high fat diet * the GFR and renal blood flow refer to the early phases of obesity before major loss of nephron function has occurred; # In some instance, sympathetic "activity" is inferred from indirect measurements such as tissue norepinephrine spillover or from denervation studies; plasma insulin and leptin concentrations refer to fasting levels.
